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ABSTRACT
The abundance of nitrogen in the interstellar medium is a powerful probe of star for-
mation processes over cosmological timescales. Since nitrogen can be produced both in
massive and intermediate-mass stars with metallicity-dependent yields, its evolution is
challenging to model, as evidenced by the differences between theoretical predictions
and observations. In this work we attempt to identify the sources of these discrepancies
using a cosmic evolution model. To further complicate matters, there is considerable
dispersion in the abundances from observations of damped Lyα absorbers (DLAs) at
z ∼ 2 − 3. We study the evolution of nitrogen with a detailed cosmic chemical evo-
lution model and find good agreement with these observations, including the relative
abundances of (N/O) and (N/Si). We find that the principal contribution of nitrogen
comes from intermediate mass stars, with the exception of systems with the lowest
N/H, where nitrogen production might possibly be dominated by massive stars. This
last result could be strengthened if stellar rotation which is important at low metallic-
ity can produce significant amounts of nitrogen. Moreover, these systems likely reside
in host galaxies with stellar masses below 108.5M⊙. We also study the origin of the
observed dispersion in nitrogen abundances using the cosmological hydrodynamical
simulations Horizon-AGN. We conclude that this dispersion can originate from two
effects: difference in the masses of the DLA host galaxies, and difference in the their
position inside the galaxy.
Key words: Physical Data and processes: nucleosynthesis, ISM: abundances, galax-
ies: ISM, abundances, Cosmology: large scale structure of the Universe
1 INTRODUCTION
Measurements of chemical abundances in the interstellar
medium (ISM) are a powerful probe of galaxy evolution
and star formation processes. The total metallicity content,
dominated by oxygen, reflects the star formation history, as
well as the history of gas accretion and galactic outflows.
To understand cosmic chemical evolution, theoretical mod-
els have been developed (e.g. Daigne et al. 2006; Dave´ et al.
2012; Lilly et al. 2013; Lu et al. 2015; Belfiore et al. 2016)
and studies of metal abundances in different galactic envi-
ronments have unveiled important physical processes, such
as galactic outflows (e.g. Belfiore et al. 2016) and the ori-
gin of star formation quenching (Peng et al. 2015). These
are based on galactic chemical evolution models (Tinsley
⋆ e-mail:vangioni@iap.fr
(1972); Pagel & Patchett (1975); Tinsley & Larson (1978);
Matteucci (2004); Kobayashi et al. (2006)) that now follow
the cosmological evolution of the abundances as a function
of redshift.
Observations of individual element abundances, as well
as their relative abundances are particularly informative, as
they can constrain the nucleosynthetic processes as well as
specific mass ranges of stars reponsible for their production.
Nitrogen is a particularly interesting (and challenging) ele-
ment in this regard since it can be produced in both mas-
sive and intermediate-mass stars, which release it into the
ISM on different timescales. Thus, the study of the nitrogen
abundance in the ISM, and in particular its relative abun-
dance with respect to oxygen, which is produced mostly by
massive, short-lived stars, poses interesting challenges for
chemical evolution models.
Nitrogen can be produced as a primary element, in
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a sequence of nuclear reactions that involve only hydro-
gen and helium present in the star. In this case its abun-
dance grows in proportion to that of oxygen and (N/O)
remains constant as (O/H) grows (Talbot & Arnett 1974),
assuming metallicity-independent yields. Additionally, sec-
ondary nitrogen is produced from CNO elements present in
the star, so that the nitrogen yield is metallicity-dependent
and (N/O) is no longer constant (Clayton 1983; Arnett
1996). Interestingly, the observed (N/O) abundance ex-
hibits a low-metallicity plateau, which is present in damped
Lyα absorbers (DLAs) (Centurio´n et al. 2003; Molaro 2003)
and is now evident in extragalactic HII regions with SDSS
data (see Vincenzo et al. 2016, and references therein),
which suggest primary nitrogen production. However obser-
vations of the nitrogen abundance in DLAs (Pettini et al.
1995; Molaro et al. 1996; Lu et al. 1998; Pettini et al. 2002;
Centurio´n et al. 2003; Petitjean et al. 2008; Cooke et al.
2011; Zafar et al. 2014) have revealed a significant disper-
sion in (N/H) at any given redshift which adds another layer
of difficulty. Thus there is some uncertainty in the main
production sites of nitrogen (massive or intermediate-mass
stars), and it is still unclear which of these sites, if any,
produces primary nitrogen in significant amounts. Indeed in
Centurio´n et al. (2003) it was concluded that DLAs do show
evidence of primary N production at low metallicities and in
addition that there are two plateaus. The [N/α] ratios are
distributed in two groups: about 75% of the DLAs show a
mean value of [N/α] = –0.87 and about 25% shows ratios
at [N/α] = –1.45. The lower group may originate from mas-
sive stars due to the tight linear correlation between N/H
and α elements. The group with higher [N/α], provides ev-
idence for primary production of intermediate mass stars.
The transition between the low and high-N DLAs could re-
sult from the different lifetimes of massive and intermediate
mass stars.
The nitrogen abundance in the ISM was exten-
sively studied in the context of galaxy evolution models
(e.g. Pilyugin 1993; Fields & Olive 1998; Pilyugin 1999;
Henry et al. 2000; Tissera et al. 2002; Pilyugin et al. 2003;
Chiappini et al. 2003, 2005; Molla´ et al. 2006; Gavila´n et al.
2006; Wu & Zhang 2013; Vincenzo et al. 2016). It should be
noted that there is an inherent uncertainty in chemical evo-
lution models as stemming from the uncertainty in stellar
nitrogen abundances. Nevertheless, these studies confirmed
that while the origin of the nitrogen abundance is a mix
of primary and secondary sources, the total nitrogen bud-
get is dominated by intermediate-mass stars in star-forming
galaxies (as well as in other systems including DLAs) except
perhaps at low metallicites. We note that various theoreti-
cal models typically utilize different sets of chemical yields,
making the comparison of results problematic.
The goal of the current study is to examine the uncer-
tainties in different stellar evolution models and their effect
on the predicted cosmic evolution of the nitrogen abundance,
specifically regarding DLAs observations. We use a uniform
cosmic chemical evolution framework. We also compare the
results of our semi-analytic model with the output of cos-
mological hydrodynamical simulations.
The paper is organized as follows: the data used for
model comparison is described in Section 2 and we review
the production of nitrogen and oxygen in several stellar evo-
lution models in Section 3. In particular, we discuss the
dependence of nitrogen and oxygen yields on stellar mass,
metallicity, and rotation velocity. In Section 4.1 we show
how these yields are implemented in our cosmic chemical
evolution model and we describe the Horizon-AGN simula-
tions in Section 4.2. Our results for the mean evolution of
nitrogen and oxygen abundances in the interstellar medium
as a function of redshift are given in Section 5.1. In Sec-
tion 5.2, we discuss the dispersion in nitrogen abundances
in DLAs in hydrodynamical cosmological Horizon-AGN sim-
ulations (Dubois et al. 2014) of galaxies of different masses
and at different redshifts. We conclude and discuss future
prospects in Section 6.
2 DATA
Nitrogen has been observed in various galactic environments
and at different redshifts. Here we summarise the observa-
tions used in the current study (see for example Fig. 5).
Nitrogen is accurately measured in the HII regions
of dwarf irregular and blue compact dwarf galaxies. We
collect here the observations of van Zee et al. (1998);
van Zee & Haynes (2006) and of Izotov & Thuan (2004);
James et al. (2015); Berg et al. (2012); Izotov et al. (2012)
respectively. The flat slope in the (N/O) vs. (O/H) plane
found in star-forming dwarf galaxies below 12+ log(O/H) =
7.7 led to the conclusion that primary nitrogen has to be pro-
duced in massive stars, that promptly release it into the ISM
(Thuan et al. 1995; Berg et al. 2012; Vincenzo et al. 2016).
However, at low metallicity, intermediate mass stars are also
expected to produce nitrogen and as we will see, our detailed
stellar evolution models do not generically predict sufficient
primary nitrogen from massive stars to match the bulk of
the observations.
Nitrogen can be also accurately measured in the DLAs
which probe lower metallicities and high redshifts. We use
here the compilation of high redshift data coming from
Zafar et al. (2014) and references therein. The nitrogen mea-
surement compilation includes a sample of 108 systems but
actual measurements of N and O, S, Si abundances are for 27
DLAs and sub-DLAs, of which 18 critically drawn from the
literature. The typical error bar of [N/α] in DLAs is of order
0.02 dex. This extended sample shows the [N/α] bimodal be-
haviour suggested in previous studies (see Centurio´n et al.
(2003)). To note that the high [N/α] plateau in the DLAs
is consistent with the low metallicity tail of HII regions of
dwarf irregular and blue compact dwarf galaxies but it ex-
tends to lower metallicities. Indeed, it is remarkable that ob-
servations in these very different environments and different
redshifts establish a continuous relation in the N-α plane (al-
though there is significant scatter; see Fig. 5). On the other
hand, the low [N/α] plateau (the lowest ever observed in
any astrophysical site) gathered in Zafar et al. (2014) sug-
gest the presence of a floor in [N/α] abundances, which may
indicate a primary nitrogen production from fast rotating,
massive stars in young or unevolved systems.
Unfortunately N measurements in galactic halo stars
are quite uncertain.
Historically first measurements of N in metal poor stars
were based on the NH 3360 band and provided almost solar
abundances. For instance, [N/Fe] were found -0.5 and -0.2
in the well known halo stars HD 140283 and HD 64090,
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a result which was interpreted as a primary origin of N,
and as a product of massive stars (Tomkin & Lambert 1984;
Matteucci 1986).
Cayrel et al. (2004) and Spite et al. (2005) provided
measurements based on the CN 3880 and NH 3360 band
respectively. Spite et al. (2005) used the C/N abundance to
separate the stars with mixed products from the CN cycle.
There is a systematic offset for the abundances based on the
two bands with the NH-abundances being of 0.4 dex higher.
When NH abundances are rescaled to match CN abundances
the unmixed stars with [Fe/H] < -3.4 show [N/O] ≈-0.9
overlapping the DLA’s values though with significant scat-
ter (cfr Fig 17 in Spite et al. (2005)). Spite et al. (2005) note
that accurate values of gf and dissociation energy for NH as
well as studies of 3D model atmosphere effects on the band
strength are needed to assess the accuracy of the N abun-
dances and therefore the stellar determinations will not be
used in this paper.
Other observations of N abundances in nearby galaxies
such as M33 and NGC 55 (Magrini et al. 2007, 2017) have
abundances consistent with those used here. Recent sur-
veys such as SDSS DR12 using 100000 star forming galaxies
(Masters et al. 2016) or SDSS IV MaNGA using 550 nearby
galaxies (Belfiore et al. 2017) show an interesting correlation
between the N/O ratio and the stellar mass of these galaxies
which could be more fundamental than the relation N/O vs
O/H at a redshift around 0. Finally note that N abundances
have been measured in planetary nebulae and these studies
can be used to test AGB stellar models (Stanghellini et al.
2006; Stanghellini & Haywood 2010; Cavichia et al. 2017;
Ventura et al. 2017) at different metallicities/masses.
3 STELLAR NUCLEOSYNTHESIS OF
NITROGEN
While there are many uncertainties regarding nitrogen yields
in stars of different mass, the nuclear reactions leading to
its formation are fairly well understood. Nitrogen is mainly
produced in the CN branch of the CNO cycle (Clayton
1983; Arnett 1996) via the following chain of reactions:
12C(p, γ)13N(β+, ν)13C(p, γ)14N (note that nitrogen can
also be produced in the ON cycle by transformation of
16O, but at a much slower rate). The reaction 14N(p, γ)15O
which depletes nitrogen has a relatively low cross section
enabling 14N to accumulate with time. In this formation
scenario nitrogen is a secondary element, whose production
rate depends on the abundance of the CNO elements ini-
tially present in the star.
Alternatively, nitrogen can be produced as a primary
element (Talbot & Arnett 1974). In this case the reactions
are the same as above, but the sequence of events is different:
first, some 12C is synthesized by the 3α reaction in a helium
burning region, and then this new 12C is transported to the
hydrogen burning region, where the CNO cycle converts it
to nitrogen. Thus, primary nitrogen is likely to be formed in
stars with a helium burning core and a CNO burning shell,
provided there is some mechanism that transports carbon
between the two regions.
Observationally, the nucleosynthetic origin of nitrogen
can be deduced by comparing its abundance to that of
other elements. The abundance of primary nitrogen is pro-
portional to that of the other primary elements (assuming
metallicity-independent yields), while if nitrogen is produced
as a secondary element, the increase in its abundance is pro-
portional to the initial CNO content. Overall, the abundance
of secondary nitrogen is proportional to the square of the
CNO content. Note, however, that the evolution of nitrogen
abundance in the ISM of a given galaxy is more complex, as
it depends on the chemical evolution history of the galaxy
and the inflow of primordial gas that dilutes the ISM.
Furthermore, various stellar evolution models predict
different nitrogen yields, in particular, primary N yields from
massive stars depend on Z and as a result might not pro-
duce a plateau. That is, if the yield of N/O ia a function of
metallicity, the resulting evolution of N/O vs O/H may not
be constant and a plateau is not reproduced, thus confusing
the interpretation of primary vs secondary origin of N. This
adds an additional complication to the analysis.
The yields have been tested in a variety of chemical
evolution models (Chiappini et al. 2006; Molla´ et al. 2006;
Romano et al. 2010; Kobayashi et al. 2011). These studies
focused on reproducing the Milky Way chemical abundances
which are used to calibrate different models. We next sum-
marize several sets of nucleosynthetic yields used in this
work for comparison.
3.1 Massive stars
In order to estimate the theoretical uncertainties in nitro-
gen yields in massive stars we consider three different stel-
lar evolution models: Woosley & Weaver (1995, ; WW95),
Chieffi & Limongi (2004) and Nomoto et al. (2006). Specif-
ically, WW95 present the evolution of massive stars at
5 different metallicites (Z/Z⊙ = 0, 10
−4, 10−2, 0.1, 1) and
masses from 11M⊙ to 40M⊙. Chieffi & Limongi (2004)
produce another set of explosive yields for masses in
the range 13 − 35M⊙ at 6 different metallicities (Z =
0, 10−6, 10−4, 10−3, 6×10−3, 0.02). Nomoto et al. (2006) also
study the mass range 13−35M⊙ for 4 different metallicities:
Z = 0, 10−3, 0.004, 0.02. For illlustration, table 2 compares
typical yields produced by these models at three metallici-
ties (Z/Z⊙ = 0, 0.001, 1) and two masses: 15M⊙, 30M⊙ by
interpolating the published yields. For higher masses, we ex-
trapolate the published yields. As we will show below, given
the power-law initial mass function (IMF) used in our mod-
els, our results are not sensitive to these extrapolated yields.
There are significant differences between the models, espe-
cially at low metallicities. These discrepancies are the result
of the different models for the microphysics of pre-supernova
evolution (such as the treatment of the convective layers)
and different reaction rates, for example 12C(α, γ)16O (see
the discussion in Chieffi & Limongi 2004). Another major
difference is the production of primary nitrogen, which is
not included in WW95. Additional yields can be found
in Heger & Woosley (2010), Limongi & Chieffi (2012), and
Limongi (2017). The uncertainties in stellar yield assump-
tions were also studied in Romano et al. (2010); Molla´ et al.
(2015); Coˆte´ et al. (2016b,a); Andrews et al. (2017).
3.2 Intermediate-mass stars
We consider two stellar evolution models that
target the evolution of intermediate-mass stars:
MNRAS 000, 1–12 (2017)
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van den Hoek & Groenewegen (1997) and Karakas
(2010). van den Hoek & Groenewegen (1997) present
the evolution of stars at 5 different metallicites
(Z = 0.001, 0.004, 0.008, 0.02, 0.04; note that the last
value is super-solar) and masses in the range 0.8 − 8M⊙.
Karakas (2010) present another set of yields for masses
in the range 1 − 6M⊙ at 4 different metallicities
(Z = 0.0001, 0.004, 0.008, 0.02). Note that a recent study
(Fishlock et al. 2014) has presented yields at Z = 0.001
for the same mass range. Table 1 presents typical yields
for three metallicities (Z = 0.0001, 0.004, 0.02) and two
masses, 2M⊙ and 7M⊙. The results of these two models
are similar (note that the largest differences are again at
the low-metallicity end). As we will show in what follows,
intermediate-mass stars play a dominant role in producing
the nitrogen observed in the interstellar medium, therefore
we do not expect large uncertainties in the modeled total
nitrogen abundance. Note however that, since the yields are
metallicity-dependent, uncertainties in the total metallicity
(mainly due to oxygen abundance) may affect also the
result for nitrogen.
Note that iron and silicon yields coming from SNIa are
included in our model (respectively 0.5M⊙ 0.1M⊙). Details
can be found in Daigne et al. (2006).
3.3 Stellar rotation
Stellar rotation, particularly important at low metal-
licities, can strongly affect the nucleosynthetic yields
(Meynet & Maeder 2002a,b; Meynet & Pettini 2004). In
particular, Meynet & Maeder (2002a) found that rotating,
low-metallicity (Z = 10−5) stars naturally produce primary
nitrogen as a consequence of enhanced mixing between the
hydrogen-burning shell and the core. Table 3 compares the
yields calculated by Meynet & Maeder (2002b) of rotating
(v = 300 km/s) and non-rotating stars of different masses
(2 − 20M⊙) at Z = 10
−5. It can be seen that both nitro-
gen and oxygen are produced in larger amounts in rotating
stars, the difference with the non-rotating case reaching two
orders of magnitude. Note however that this finding cannot
have a significant impact on the evolution of the total ni-
trogen abundance, most of which is taking place in higher-
metallicity environments. We will nevertheless explore the
impact of this set of yields, were it to hold for the entire
range of metallicities, below.
4 MODELS
4.1 Cosmic chemical evolution model
In order to describe the cosmic chemical evolution of
the interstellar medium we use the model developed
by Daigne et al. (2004, 2006), Rollinde et al. (2009) and
Vangioni et al. (2015) as outlined in the following. The ini-
tial gas content of galaxies is taken to be equal to the cosmic
mean fbaryon = Ωb/Ωm, where Ωb and Ωm are the densities
of baryons and total dark matter, respectively, in units of
the critical density of the Universe. The gas is assumed to
be primordial and metal-free and the calculation begins at a
redshift z = 20. The model then follows two gas reservoirs,
the intergalactic matter (IGM) and the ISM. Matter flows
from IGM to ISM as the galaxies form, where baryons are
assumed to follow dark matter. In Daigne et al. (2006), the
mean baryon accretion rate in each region was taken to be
proportional to the fraction of baryons in structures, fcoll,
and can be expressed as
ab(t) = Ωb
(
3H20
8piG
) (
dt
dz
)−1 ∣∣∣∣dfcolldz
∣∣∣∣ (1)
where fcoll(z) is given by the hierarchical model of structure
formation (Press & Schechter 1974),
fcoll(z) =
∫
∞
Mmin
dM MfPS(M, z)∫
∞
0
dM MfPS(M, z)
. (2)
and we assume that the minimum mass of dark matter
haloes for star-forming structures is 107 M⊙. Accreted mat-
ter is assumed to be primordial and metal-free. Once in-
side galaxies, baryons form stars with rate ψ(t) which we
calibrate to observations, as described below. We assume a
Salpeter IMF, Φ(m), with slope x = 1.35, for minf ≤ m ≤
msup with minf = 0.1M⊙ and msup = 100M⊙. Baryons can
flow from structures back to the IGM due to galactic winds
or feedback from supernovae (SNe). To sum up, the evolu-
tion of the total baryonic mass in the IGM and ISM is given
by
dMIGM
dt
= −ab(t) + o(t) (3)
and
dMISM
dt
= −ψ(t) + e(t) + ab(t)− o(t), (4)
where ψ(t) is the cosmic star formation rate (SFR), e(t) is
the rate at which stellar mass is returned to the ISM by
mass loss or stellar deaths and o(t) is the baryon outflow
rate from structures into the IGM, which is obtained by
energy arguments assuming the conservation of a fraction
of the energy released in SNII and assuming outflows with
escape velocities. The outflow rate is actually the sum of two
separate outflows (Daigne et al. 2004), o(t) = ow(t)+osn(t).
The first one, ow(t), is a global outflow powered by the stellar
explosions (galactic wind) and is similar to that described
in Scully et al. (1997). The second term, osn(t) corresponds
to the fraction α of stellar supernova ejecta which is flushed
directly out of the structures, resulting in metal-enhanced
winds as first proposed by Vader (1986). Note also, ow(t)
carries the chemical composition of the ISM, whereas osn(t)
has the chemical composition of the supernovae. The outflow
rate is always small compared to the baryon accretion rate
and detailed expressions for o(t) are given in Daigne et al.
(2006).
In addition, we follow the chemical composition of the
ISM and the IGM as a function of time as described in
Daigne et al. (2004). In particular, we do not use the in-
stantaneous recycling approximation but calculate the rate
at which gas is returned to the ISM including the effect
of stellar lifetimes and computing stellar yields for each el-
ement and for different stellar mass ranges. The lifetimes
of intermediate mass stars (0.9 < M/M⊙ < 8) are taken
from Maeder & Meynet (1989) and from Schaerer (2002) for
more massive stars. Further details on the chemical evolu-
tion model can be found in Daigne et al. (2004, 2006) and
Vangioni et al. (2015).
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Table 1. Typical nitrogen and oxygen yields of intermediate-mass stars as a function of stellar mass and initial metallicity in different
stellar evolution models (masses are in solar mass units): VdH97: van den Hoek & Groenewegen (1997), Karakas10: Karakas (2010).
Metallicity 10−4Z⊙ 10−4Z⊙ 4 · 10−3Z⊙ 4 · 10−3Z⊙ Z⊙ Z⊙
Stellar Mass 2 7 2 7 2 7
Element N O N O N O N O N O N O
VdH97 10−4 1.5 · 10−3 0.024 0.0036 0.001 0.001 0.062 0.0005 0.0045 0.015 0.096 0.06
Karakas10 7.8 · 10−5 5.8 · 10−4 0.039 0.001 0.000685 0.00293 0.063 0.0044 0.003 0.013 0.049 0.047
Table 2. Typical nitrogen and oxygen yields of massive stars as a function of stellar mass and initial metallicity in different stellar
evolution models (masses are in solar mass units): WW95: Woosley & Weaver (1995), Chieffi04: Chieffi & Limongi (2004), Nomoto06:
Nomoto et al. (2006). Note that the models strongly disagree at Z = 0.
Metallicity 0 0 10−3Z⊙ 10−3Z⊙ Z⊙ Z⊙
Stellar Mass 15 30 15 30 15 30
Element N O N O N O N O N O N O
WW95 3.63 · 10−6 0.4 3.53 · 10−3 4.35 4.85 · 10−3 0.555 1.08 · 10−2 4.42 0.054 0.68 0.104 4.88
Chieffi04 2.95 · 10−7 0.346 6.95 · 10−2 3.04 2.99 · 10−3 0.527 5.63 · 10−3 3.75 0.051 0.516 0.0857 3.89
Nomoto06 1.86 · 10−3 0.773 1.64 · 10−6 4.81 3.58 · 10−3 0.294 6.19 · 10−3 5.33 0.062 0.16 0.102 3.22
Table 3. Typical nitrogen and oxygen yields (in solar mass units) of rotating and non-rotating stars for different stellar masses
(Meynet & Maeder 2002b). In all the models the metallicity taken to be Z = 10−5 and the velocity of rotation v = 300 km/s.
Stellar Mass 2 7 15 20
Element N O N O N O N O
v = 0 1.7 · 10−6 1.9 · 10−5 1.6 · 10−5 1.2 · 10−3 3.5 · 10−5 0.19 4.6 · 10−5 0.56
v = 300 km/s 6.4 · 10−4 1.1 · 10−3 4.2 · 10−3 5.6 · 10−3 4 · 10−4 0.39 3.4 · 10−4 0.99
In typical models of galactic chemical evolution, the
SFR resides among the set of physical quantities, with as-
sumed forms (e.g., a decaying exponential in time or pro-
portional to the gas density) with parameters which are fit
by the observations of the chemical abundances. Flexibility
in the SFR was also adopted in the early cosmic chemical
evolution models in Daigne et al. (2004, 2006) where SFR
parameters were also required to fit the observed SFR at
high redshift. However, over the last decade there have been
significant improvements in the observations of the SFR out
to high redshift, z ∼ 10 and in fact, there is very little flex-
ibility in the SFR out to z ∼ 3. In Rollinde et al. (2009),
a fixed SFR was used based on the Springel & Hernquist
(2003) form
ψ(z) = ν
a exp(b (z − zm))
a− b+ b exp(a (z − zm))
. (5)
with parameters fit directly to the observed SFR. Here, we
use the cosmic SFR modeled in Vangioni et al. (2015) with
ν = 0.178 M⊙/yr/Mpc
3, zm = 2.00, a = 2.37, and b = 1.80.
Fig. 1 (upper panel) shows the SFR in our model (black
line) and observations compiled by Behroozi et al. (2013),
as well as high-redshift measurements by Bouwens et al.
(2014); Oesch et al. (2014). For comparison, we also show
the SFR from Madau & Dickinson (2014).
The SFR can also be constrained by using the opti-
cal depth to reionization, which depends on the rate of
production of ionizing photons by massive stars. We cal-
culate the optical depth to reionization τ as described
in Vangioni et al. (2015), in particular we use the ta-
bles in Schaerer (2002) for the number of photons pro-
duced by massive stars and assume an escape fraction of
fesc = 0.2. The resulting optical depth is shown in Fig. 1
(bottom panel) and compared to the constraints obtained
from measurements of the cosmic microwave background
(Planck Collaboration et al. 2016a,b). Note that the SFR of
Madau & Dickinson (2014), is flatter than the SFR used in
our model and produces slightly higher rates than observed
at z ∼ 10. Consequently, the optical depth is also larger than
that observed by Planck, unless fesc is as low as 0.05. Note
that there are other parameters which introduce additional
uncertainties in the model prediction of the optical depth.
Finally, we stress that this model does not follow galaxy
properties individually but averaged properties of the ISM
and of the IGM within a sub-volume of the Universe. As
a result, metallicities generally remain subsolar. For further
details on the evolution of the metallicity with redshift in
the context of a merger tree model, see: Dvorkin et al. (2015,
2016). Note that in this model, we do not follow the chemical
evolution of individual galaxies, but the averages over rel-
atively large volumes, treating each region of the Universe
as a closed box. We are currently working on an updated
model where each galaxy is treated individually, as part of a
larger project that also studies other chemical species, and
will present this model in a forthcoming publication.
MNRAS 000, 1–12 (2017)
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Figure 1. Upper panel: The SFR as a function of redshift used in
our model (black line) compared to observations: Behroozi et al.
(2013) (red points), Bouwens et al. (2014); Oesch et al. (2014)
(blue points). The SFR in Madau & Dickinson (2014) is shown
for comparison (red dashed line). Lower panel: Evolution of
the optical depth to reionization as a function of redshift. The
observational constraint is indicated by a red horizontal strip
(Planck Collaboration et al. 2016a,b).
4.2 Horizon-AGN simulation
The details of the simulation can be found in Dubois et al.
(2014) and references therein, but we recall here the
main aspects of the simulation. The Horizon-AGN simula-
tion is a hydrodynamical cosmological simulation of a flat
Lambda Cold Dark Matter universe performed with the
adaptive mesh refinement code ramses (Teyssier 2002) us-
ing a WMAP-7-like cosmology (Komatsu et al. 2011) with
Ωm = 0.272, ΩΛ = 0.728, σ8 = 0.81, Ωb = 0.045,
H0 = 70.4 km s
−1Mpc−1, and ns = 0.967. The box size is
100 h−1Mpc filled 10243 dark matter particles with a mass
resolution of 8 × 107M⊙. The mesh refinement is triggered
according to a quasi-Lagragian criterion when the mass
within a cell is 8 times the dark matter mass resolution down
to a spatial resolution of 1 kpc. The Horizon-AGN simulation
includes a metal-dependent gas cooling with a ultra-violet
background heating after reionization at z = 10, a Schmidt
star formation law of constant efficiency of 2 per cent, feed-
back from stars including stellar winds, type II and type
Ia supernovae assuming a Salpeter-like initial mass function
(Kaviraj et al. 2017), and feedback from active galactic nu-
clei together with the self-consistent growth of black holes
following an Eddington-limited Bondi-Hoyle-Littleton accre-
tion rate.
The mass loss from stellar winds and SNe is mod-
elled using starburst99 (Va´zquez & Leitherer 2005).
Specifically, Horizon-AGN adopts the ‘Evolution’ model
(Leitherer et al. 1992), which computes the outflow rates
from stellar winds with the Padova tracks plus ther-
mally pulsing AGB stars (Bertelli et al. 1994; Girardi et al.
2000). This model is based on the SN yields from
Woosley & Weaver (1995) for massive stars with mass 8 ≤
M/M⊙ ≤ 40. For low-mass to intermediate-mass (0.1 ≤
M/M⊙ ≤ 7) stars, the chemical yields are taken from
the chemical abundance at the stellar surface computed
from the Padova stellar tracks (Girardi et al. 2000). These
yields are similar to those coming from Karakas (2010)
and van den Hoek & Groenewegen (1997). Note that most
(∼ 80%) of the nitrogen is produced before the age of 50
Myr via SNe, whereas intermediate mass stars account for
only 20%, at that time. The yields for SN Type Ia are taken
from Nomoto et al. (2006), but their contributions to the
total production of nitrogen are negligible.
To extract the metal mass content of the galaxies, we
include all gas cells within the effective radius of the galaxy
and with gas density above 0.1H cm−3, which is our gas
density threshold for star formation.
5 RESULTS
5.1 Evolution of nitrogen abundance with redshift
In order to study the production of nitrogen and its abun-
dance in the ISM we implement the stellar evolution models
discussed in Section 3 in our galaxy evolution model. We
use the yields discussed in Sections 3.1 and 3.2 for stars in
the mass ranges 8 < M/M⊙ < 40 and 0.9 < M/M⊙ <
8.0, respectively. An interpolation is made between differ-
ent metallicities and masses, and tabulated values are ex-
trapolated for masses above 40M⊙, which correspond to
a small fraction of the population of massive stars (i.e.(
40−x − 100−x
)
/
(
8−x − 100−x
)
≃ 8%). We adopt the solar
abundances from Asplund et al. (2009). We stress the im-
portance of including metallicity-dependent yields, rather
than constant yields, as demonstrated in Fig. 2. In this
figure, we compare the resulting ratio of [N/O], assuming
constant yields (blue curves) to a metallicity dependent
yield (red curve). In each case, we employ the yields from
Nomoto et al. (2006). For constant yields, we show results
for both solar (solid curve) and metal-free (dashed curve)
yields. As one might expect from Table 2, the produced N/O
ratio is significantly larger in solar metallicity stars than in
metal-free stars. The model with metal-dependent yields in-
terpolates between the two.
We now compare the results of our model to the ob-
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Figure 2. The evolution of nitrogen in the ISM (total) produced
in massive stars in the semi-analytical model. Blue lines: corre-
sponding to the constant yields from Nomoto et al. (2006) for
Z = Z⊙ and Z = 0 for solid and dashed lines, respectively.
Red line: metallicity-dependent yields from Nomoto et al. (2006).
Note that in the latter case [N/O] increases sharply with metal-
licity, as can be anticipated from Table 2.
served abundance measurements, focusing on the compari-
son between different stellar evolution models and the con-
tribution of massive vs. intermediate-mass stars to the ni-
trogen content of the ISM. Fig. 3 (upper panel) shows
the evolution of nitrogen abundance in our model with
different sets of yields: blue dotted and solid lines cor-
respond to models that include both intermediate mass
stars (IMS) with yields taken from Karakas (2010))
and van den Hoek & Groenewegen (1997), respectively, and
massive stars (MS), with yields taken from Nomoto et al.
(2006). As can be anticipated from Table 2, the two sets
of yields for intermediate-mass stars produce very simi-
lar results. Red solid, dashed and dotted lines correspond
to models that include only the contribution of massive
stars, with the yields taken from Chieffi & Limongi (2004),
Woosley & Weaver (1995) and Nomoto et al. (2006) respec-
tively. In this case, the differences in nitrogen and oxygen
yields shown in Table 2 are translated into a relatively large
vertical offset between the red curves. It is clear, however,
that intermediate-mass stars dominate the production of ni-
trogen at all redshifts and this contribution is needed to ex-
plain the abundances with the highest values of [N/H]. Note
that the differencies in the yields of massive stars do not af-
fect the uncertainty in the total nitrogen budget. This result
confirms the finding of Wu & Zhang (2013) for massive star-
forming galaxies. We also note that the scatter in [N/H] ob-
served at any given redshift is much greater than the obser-
vational uncertainty. This scatter can originate from differ-
ences in structure formation histories of the different galax-
ies that host these DLAs, as we discuss below, including
different accretion and star formation histories. In addition,
the scatter, for now, masks any trend in the observations of
[N/H] with redshift as predicted by the models.
Figure 3. Evolution of nitrogen abundance with redshift for dif-
ferent stellar evolution models. Upper panel: Nitrogen produced
in massive stars only, with yields taken from Chieffi & Limongi
(2004), Woosley & Weaver (1995) and Nomoto et al. (2006) (red
solid, dashed and dotted lines, respectively) and the total nitro-
gen budget (blue lines). The yields for intermediate-mass stars are
taken from Karakas (2010) and van den Hoek & Groenewegen
(1997) for the dotted and solid blue lines, respectively, the yields
for massive stars are taken from Nomoto et al. (2006) in both
cases. Lower panel: The evolution of nitrogen abundance assum-
ing all stars are rotating (solid) or non-rotating (dashed) and
using constant yields, taken as the yields from Meynet & Maeder
(2002b) at Z = 10−5. Data taken from Zafar et al. (2014) and
references therein (black points).
As in the upper panel of Fig. 3, Fig. 4 shows the evo-
lution of the relative [N/O] abundance in our model as a
function of z, with different sets of yields. We note that
massive stars (red curves, modulo uncertainties related to
stellar yields) ) which form the first nitrogen atoms can re-
produce the lowest part of DLA observations ([N/O] = -1.5).
It is interesting to note that blue and red curves frame the
bulk of observations possibly corresponding to a progressive
increase in nitrogen coming from intermediate mass stars.
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Figure 4.As in Fig. 3, the relative abundance [N/O] as a function
of redshift.
The lower panel in Fig. 3 shows the effect of stel-
lar rotation, where we used constant yields (computed for
Z = 10−5) taken from Meynet & Maeder (2002b). While,
as evident also from Table 3, rotating low-metallicity stars
produce significant amounts of primary nitrogen, this model
is in fact not realistic since the actual metallicity at the rel-
evant redshifts is much higher than 10−5. Further studies
of rotating stars including yield tables at higher metallicity
are required in order to elucidate their role in the cosmic
nitrogen enrichment.
Fig. 5 shows the nitrogen abundance as a function of
metallicity in DLAs. The data have been detailed in section
2. As one can see, the data are well reproduced by our model,
shown by the blue lines. As shown previously, relatively lit-
tle nitrogen is produced in massive stars (red lines). We also
note that when available, we plot data using oxygen abun-
dances. However, in some cases, either Si or S is used as a
surrogate for the metallicity. The curves, nevertheless show
the evolution of N/H vs O/H as predicted by the model. The
deficiency in a uniform data set introduces additional un-
certainty and scatter when comparing with O/H. As noted
above, our abundances represent a mean value which remain
sub-solar, and thus we cannot expect to reproduce the abun-
dances of z = 0 HII regions of spiral galaxies shown by the
magenta points, in this context.
Fig. 6 shows the effect of our extrapolation of stellar
yields above 40 M⊙. The blue solid curve is that shown in
Fig. 5 where the yields above 40 M⊙ have been extrapolated.
However as remarked earlier, the fraction of stars in this
mass range is rather limited and we are not very sensitive
to this procedure. The blue dashed curve in Fig. 6 shows
the calculated abundances when the yields above 40 M⊙ are
held constant. As one can see, the effect is minimal.
It is interesting to note that our models with only mas-
sive stars (red curves) do not exhibit the characteristic slope
of 1 associated with primary production. As we have stressed
earlier, this is due to the metallicity-dependent yields used
Figure 5. The nitrogen abundance as a function of metal-
licity in our model with different sets of yields (line notation
as in Fig. 3) compared to observations in DLAs Zafar et al.
(2014) (black points), HII regions of spiral galaxies (magenta
points van Zee et al. 1998; van Zee & Haynes 2006) and blue
compact dwarf galaxies (green, blue and yellow points, respec-
tively; Izotov & Thuan 2004; James et al. 2015; Berg et al. 2012;
Izotov et al. 2012). Dashed black line corresponds to the case of
rotating stars, with constant yields (at Z = 10−5) taken from
Meynet & Maeder (2002b).
Figure 6. As in Fig. 5 showing a comparison of the
model using the yields of Nomoto et al. (2006) and
van den Hoek & Groenewegen (1997) when yields above 40
M⊙ have been extrapolated (solid) and when the yields are held
constant above 40 M⊙.
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Figure 7.As in Fig. 5, the relative abundance [N/O] as a function
of metallicity.
in the calculation. In contrast, as seen by the black dashed
curve, when metallicity-independent yields are used, the
slope is indeed found to be 1. One sees a slight steepening
starting at a metallicity of roughly Log(O/H) ∼ −3.5.
We further emphasize that due to the substantial dis-
persion in the data for O/H vs redshift (or more precisely
α/H vs redshift), that a direct mapping of N/H vs z to N/H
vs α/H is not possible. That is, since there is no one-to-one
relation between α/H and redshift, points will shift relative
to model predictions when comparing results in Figures 3
and 5.
Bearing this ambiguity in mind, the relative abundance
of nitrogen and oxygen is further explored in Fig. 7 which
also exhibits the scatter observed in DLAs (black points) and
compact dwarf galaxies (green, blue and yellow points). It
can be seen that the ratio [N/O] for nitrogen that originates
in massive stars is well below the observational points. Thus,
according to our model, the bulk of the nitrogen observed
in DLAs and dwarf galaxies originates from intermediate-
mass stars. A similar conclusion was reached by Henry et al.
(2000) who found the bulk of cosmic nitrogen to be formed
in intermediate mass stars as a primary source at low metal-
licity and secondary source at higher metallicity. We see
once again that the model with rotating stars with constant
yields is flat when plotting [N/O] in contrast to the models
with metallicity-dependent yields. Note that our models do
not attain solar abundances (of either O/H or N/H) as the
curves represent average abundances (throughout the uni-
verse) and are thus heavily weighted by low mass objects
with subsolar abundances.
Finally, we use our model to explore the relative abun-
dances of nitrogen and other elements. The upper panel in
Fig. 8 shows the tight correlation between [N/H] and [Si/H]
(albeit with a considerable dispersion), reproduced by our
model. Note that the observed correlation between [Si/H]
and [O/H], shown in the lower panel of Fig. 8, is much
Figure 8. Upper panel: As in Fig. 3 showing the evolution of
[N/H] as a function of [Si/H] in our model. Data is taken from
the compilation of Zafar et al. (2014) (black points). Lower panel:
The correlation between Si and O abundances.
tighter, since both O and Si are produced in massive stars
and are simultaneously released into the ISM.
5.2 Dispersion in nitrogen abundances
As can be seen in Figs. 3 and 7, there is a significant disper-
sion in nitrogen abundance at any given redshift. Here we
study the dispersion due to the difference in the masses of
DLA host galaxies.
The masses of the DLA host galaxies may vary across
our sample, and while they are very difficult to measure,
they are expected to affect the DLA properties. Indeed, a
mass-metallicity relation, similar to that observed in galax-
ies in emission, might be present in DLAs (Neeleman et al.
2013). The semi-analytic models presented above are not
suitable to study this issue since they do not resolve individ-
ual galaxies. In this Section we therefore use the outcome of
MNRAS 000, 1–12 (2017)
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Figure 9. The nitrogen abundance in the cold gas of galaxies
as a function of galaxy stellar mass in Horizon-AGN at z = 2.
The shading corresponds to the relative number of galaxies in
the sample in each abundance-mass bin.
the Horizon-AGN simulation (Dubois et al. 2014) described
above to estimate the dispersion in nitrogen abundance in
the ISM of z ∼ 2 galaxies.
The result of the abundance of nitrogen in galaxies as a
function of the galaxy stellar mass in Horizon-AGN at z = 2
is shown in Fig. 9. We notice first that there is very little dis-
persion at larger masses (M > 1010.5M⊙) with the amount
of dispersion increasing at lower masses. Below 108.5M⊙, the
amount of dispersion is approximately 1.5 dex and is slightly
less what is observed. Note that the observations of the low-
est DLA abundances of N/H can be well explained if their
mass corresponds to a stellar mass of 108.5M⊙ or less.
Figure 10 shows the nitrogen to oxygen ratio as a
function of galaxy stellar mass at z = 0 in Horizon-AGN
compared to the CALIFA data from Pe´rez-Montero et al.
(2016). The amount of nitrogen relative to oxygen is on av-
erage lower in Horizon-AGN with respect to the data at any
mass. Note that we have also tested the effect of AGN feed-
back on the amount of nitrogen in the cold gas in galaxies
using the Horizon-noAGN simulation (Dubois et al. 2016;
Peirani et al. 2017) and we found little difference with the
simulation including AGN feedback, a result in agreement
with recent simulations from Taylor & Kobayashi (2015).
Finally, we study the effect of differences in DLA posi-
tion within the host galaxy. We draw several line-of-sights
through our simulation box, one every 1 kpc in the x and
y coordinates, and compute the nitrogen abundance in the
cold ISM gas along each line-of-sight (at z = 2 there are
∼ 7 × 106 line-of-sights containing cold gas with nitrogen).
We repeat this procedure for three different redshifts and
compare the average and the standard deviation with data
points from Zafar et al. (2014). As can be seen in Fig. 11,
the Horizon-AGN simulation predicts higher values of the
nitrogen abundance at z = 2 and 3 compared with observa-
tions, but its value is comparable to the few data points at
z = 4.
Finally the dispersion of the nitrogen line-of-sight in
Horizon-AGN is large ∼ 1dex at z = 2 and 3 and ∼ 2dex at
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Figure 10. The nitrogen over oxygen ratio in the cold gas
of galaxies as a function of galaxy stellar mass in Horizon-
AGN at z = 0 compared with the CALIFA observations
from Pe´rez-Montero et al. (2016) (red solid line). The shading
corresponds to the number density of galaxies in the sample in
each abundance-mass bin.
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Figure 11. Nitrogen abundance as a function of redshift for
data points from Zafar et al. (2014) (black diamonds) and for
the Horizon-AGN simulation (red symbols with 1-σ standard de-
viation). The result of Horizon-AGN is obtained with the com-
pilation of all possible line-of-sights passing through cold gas in
galaxies at the three different plotted redshifts.
z = 4, which is very close to the dispersion observed in the
data points for the lowest redshift range.
This is the result of having a large variety of possi-
ble line-of-sights going through galaxies of various masses,
that are different stages of their chemical evolution, as well
as line-of-sight probing different regions within the same
galaxy: either gas with old population of stars in the center
of galaxies, or freshly accreted gas from the IGM forming
young stars in the outskirts.
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6 CONCLUSIONS
In this paper we explored the evolution of the nitrogen
abundance in the ISM and its dispersion using a cosmo-
logical galaxy evolution model. In particular, we explored
several sets of nucleosynthetic yields currently used by vari-
ous groups and showed that the bulk of nitrogen in the ISM
is produced by intermediate-mass stars. At very low metal-
licity, nitrogen production can be explained by massive stars
production while at higher metallicity nitrogen is essentially
produced by IMS. Since the yields of this class of objects are
consistent between models (contrary to the case of massive
stars) it follows that the total nitrogen mass produced by a
given stellar population can be calculated with reasonably
high accuracy.
Furthermore, we explored the sources of dispersion in
the nitrogen abundance in DLAs using the Horizon-AGN
hydrodynamical simulations and concluded that it can be
caused by the difference in the masses of the host galaxies.
In particular, we found that this dispersion grows with de-
creasing galaxy mass. Another source of dispersion is the
difference in the lines of sights that corresponds to different
DLAs. While these effects contribute to the observed dis-
persion, further work is needed in order to understand the
relative contribution of each effect. In a forthcoming publi-
cation, we use an updated model where each galaxy will be
treated individually (obtaining the evolution as a function
of galaxy stellar mass), together with a larger project that
also studies other chemical species.
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